Plasma CTGF concentrations are related to predictors of mortality and all-cause mortality in maintenance HD patients and can be reduced with HDF.

1. Introduction {#sec1-toxins-11-00268}
===============

Connective tissue growth factor (CTGF/CCN2, Molecular weight (Mw) 38 kilo Dalton (kDa)) is a profibrotic growth factor that plays a key role in the pathogenesis of tissue fibrosis \[[@B1-toxins-11-00268]\]. CTGF is expressed by many cell types, including endothelial cells, vascular smooth muscle cells, fibroblasts, cardiac myocytes, and renal tubular epithelial cells \[[@B2-toxins-11-00268]\]. Upregulation of CTGF is caused by several factors, such as angiotensin II, oxidative stress, advanced glycation end products, and cell stretch, conditions that are highly prevalent in hemodialysis (HD) patients \[[@B3-toxins-11-00268],[@B4-toxins-11-00268],[@B5-toxins-11-00268]\]. The proteolytic aminoterminal fragment of CTGF (N-CTGF, Mw 18 kD) is the predominant form of CTGF in plasma. Plasma (N-)CTGF is exclusively eliminated by the kidneys, accumulates in chronic kidney disease, with highest levels in end stage kidney disease (ESKD) \[[@B6-toxins-11-00268],[@B7-toxins-11-00268]\].

CTGF has been reported to be involved in various chronic diseases including systemic sclerosis, lung fibrosis, cardiac fibrosis, atherosclerosis, liver fibrosis, kidney fibrosis, diabetic nephropathy (DN), and peritoneal fibrosis in peritoneal dialysis patients \[[@B1-toxins-11-00268],[@B2-toxins-11-00268]\]. CTGF is considered an important regulator of cardiac fibrosis and post-ischemic cardiac remodelling, which may lead to diastolic heart failure \[[@B3-toxins-11-00268],[@B8-toxins-11-00268],[@B9-toxins-11-00268],[@B10-toxins-11-00268],[@B11-toxins-11-00268],[@B12-toxins-11-00268],[@B13-toxins-11-00268]\]. In addition, CTGF is highly expressed in atherosclerotic plaques and has been implicated in atherogenesis \[[@B14-toxins-11-00268],[@B15-toxins-11-00268],[@B16-toxins-11-00268]\]. In a study among 1227 patients with atherosclerotic disease, plasma CTGF was independently related to an increased risk of cardiovascular events and mortality \[[@B17-toxins-11-00268]\]. Furthermore, in a study among 1050 patients with type 1 DM, elevated concentrations of CTGF were associated with an increased common carotid intima media thickness, hypertension and presence of macroalbuminuria \[[@B18-toxins-11-00268]\]. In a study of 198 type I diabetics with diabetic nephropathy, elevated concentrations of CTGF were related to an increased risk of progression to ESKD, and to death from any cause within 12 years \[[@B19-toxins-11-00268]\].

The relationship between CTGF and CVD, an important predictor of mortality, suggests that CTGF might play a role in excess cardiovascular morbidity and mortality in HD patients. Whether plasma CTGF is related to clinical outcome and whether treatment with HDF results in a sustained decrease of plasma CTGF is unknown. Previously, we reported that plasma CTGF was effectively reduced by a single HDF session, but not by low flux HD \[[@B6-toxins-11-00268]\].

The first aim of the present study was to explore the determinants of plasma CTGF in a large cohort of patients on conventional low-flux HD. The second aim was to investigate whether CTGF is related to all-cause mortality and cardiovascular morbidity and mortality in HD patients. The third aim was to compare the difference in pre-dialysis CTGF concentrations after 6 and 12 months of treatment between low flux HD and HDF.

2. Results {#sec2-toxins-11-00268}
==========

2.1. Patient and Dialysis Characteristics {#sec2dot1-toxins-11-00268}
-----------------------------------------

The characteristics of the patients are summarized in [Table 1](#toxins-11-00268-t001){ref-type="table"}. Mean age of patients (*n* = 404) was 64 ± 14 years and 62% was male. Median CTGF concentration was 3.5 (2.7--4.3) nmol/L. Patients had the following underlying renal diseases: renal vascular disease 129 (32%), DM 64 (16%), primary glomerulonephritis 40 (10%), interstitial nephropathy 38 (9%), PKD 28 (7%), multisystem disease 18 (5%), other 38 (9%), or unknown 49 (12%). The majority of patients (93%) received dialysis treatment three times per week.

2.2. Determinants of Plasma CTGF {#sec2dot2-toxins-11-00268}
--------------------------------

The association between CTGF and various factors are presented in [Table 2](#toxins-11-00268-t002){ref-type="table"}. CTGF was inversely related to eGFR (*p* \< 0.001), and with borderline significance to use of RAAS blockers (*p* = 0.05). CTGF related positively to previous CVD (*p* = 0.006), dialysis vintage (*p* \< 0.001) and IL-6 (*p* \< 0.001) and with borderline significance to B2M (*p* = 0.05) and pulse pressure (*p* = 0.06). In addition, CTGF was higher in patients who had underlying PKD (*p* \< 0.001), TIN (*p* = 0.002) or renal vascular disease (*p* = 0.04), as compared to patients with unknown underlying renal diseases, used as the reference group.

When previous CVD was replaced in the model by previous coronary heart disease, cerebrovascular disease, or PVD, it appeared that the relation between CTGF and previous CVD was most evident in PVD (β = 0.20, *p* \< 0.001, 22.5% (11.9%--34.2%) increase in CTGF if previous PVD was present).

2.3. CTGF and All-cause Mortality {#sec2dot3-toxins-11-00268}
---------------------------------

After a median follow-up of 3.1 (range 0.1 to 6.6) years, 158 patients (39%) had died. Baseline CTGF concentrations related to mortality, with a hazard ratio (HR) of 1.10 (95% CI, 1.01--1.19, *p* = 0.02) for every 1 nmol/L increase in CTGF. After adjustment for confounders, the HR remained 1.09 (95% CI, 1.00 to 1.19, *p* = 0.05). After additional adjustment for CRP and serum albumin, the HR lost its statistical significance (HR 1.09, \[95% CI, 0.99--1.19\], *p* = 0.07) (*n* = 149 deaths, because of missing data) ([Table 3](#toxins-11-00268-t003){ref-type="table"}). The 'on-treatment' analysis did not change these results (HR for all-cause mortality 1.09; \[95% CI, 1.00--1.20\], *p* = 0.06, (model including CRP and albumin), 128 deaths).

When quartiles of CTGF were used in the model, the HR of the mortality risk in patients within the highest quartile (CTGF \> 4.3 nmol/L) was 1.71 (95% CI, 1.02--2.88, *p* = 0.04), as compared to the patients within the lowest quartile of CTGF, after adjustment for potential confounders ([Table 4](#toxins-11-00268-t004){ref-type="table"}).

2.4. CTGF and Fatal- and Non-fatal Cardiovascular Events and Infectious Mortality {#sec2dot4-toxins-11-00268}
---------------------------------------------------------------------------------

A fatal or non-fatal cardiovascular event occurred in 131 patients (32%) during a median follow-up of 2.6 (range 0.01 to 6.6) years. The crude HR for cardiovascular events was 1.06 for each increase of plasma CTGF with 1 nmol/L (95% CI, 0.96--1.16, *p* = 0.24). After adjustment, the HR was 1.03 (95% CI, 0.94--1.14, *p* = 0.51) ([Table 3](#toxins-11-00268-t003){ref-type="table"}). When quartiles of CTGF were used in the model, no consistent relation was observed ([Table 4](#toxins-11-00268-t004){ref-type="table"}).

Fifty patients (12%) died of a cardiovascular cause. The crude HR for cardiovascular mortality was 0.99 (95% CI, 0.84--1.18, *p* = 0.93), which did not change substantially after adjustment for potential confounders (HR 1.01 \[95% CI, 0.85--1.19\], *p* = 0.96) ([Table 3](#toxins-11-00268-t003){ref-type="table"}).

Forty patients (10%) died of an infectious cause. The crude HR for infectious mortality was 1.14 (95% CI, 0.99--1.31, *p* = 0.08). After adjustment, the HR was 1.06 (95% CI, 0.92--1.23, *p* = 0.42) ([Table 3](#toxins-11-00268-t003){ref-type="table"}).

2.5. CTGF Change over Time, HDF versus HD {#sec2dot5-toxins-11-00268}
-----------------------------------------

Overall, patient characteristics at baseline were balanced between both treatment groups ([Table 1](#toxins-11-00268-t001){ref-type="table"}), although pre-dialysis B2M and creatinine plasma concentrations were somewhat lower in the HDF group. Median CTGF at baseline was 3.5 (IQR 2.8--4.4) nmol/L in HD patients and 3.5 (IQR 2.7--4.3) nmol/L in HDF patients. During follow-up, Kt/V~urea~ and dialyzer blood flow rate increased in HDF patients, while these parameters remained stable during in HD patients (results not shown).

At the six-month visit, 343 samples were available (176 on HD and 167 on HDF) and at the 12-month visit, 266 samples (133 on HD and 133 on HDF). Changes in CTGF over time were not linear for the HDF patients: after six months, the rate of change seemed to attenuate ([Figure 1](#toxins-11-00268-f001){ref-type="fig"}). Therefore, analyses were stratified by follow up time: Baseline to six months and six to twelve months. The estimates from the linear mixed effect models are presented in [Table 5](#toxins-11-00268-t005){ref-type="table"}. Between baseline and six months, Ln-CTGF increased with 0.047 nmol/L per 6 months in the HD group (*p* = 0.007), and decreased with 0.050 nmol/L per 6 months in the HDF group (*p* = 0.006). The difference in the rate of change between HD and HDF was 0.097 nmol/L per 6 months (*p* \< 0.001). Between six and twelve months, the rate of change in the HD group was 0.039 nmol/L per 6 months (*p* = 0.06), and −0.028 nmol/L per 6 months in the HDF group (*p* = 0.19). The difference in the rate of change between the HD and the HDF group was 0.067 nmol/L per 6 months (*p* = 0.02). Adjustment for change in eGFR did not change the effect of HDF ([Table 5](#toxins-11-00268-t005){ref-type="table"}).

In HDF patients, the tertiles of median delivered convection volume during the first year were ≤17.2 L per session, 17.2 to 20.1 L per session and ≥20.1 L per session. There was no association between the decrease in CTGF between baseline and six months and the amount of convection volume ([Table 6](#toxins-11-00268-t006){ref-type="table"}).

3. Discussion {#sec3-toxins-11-00268}
=============

In the present study, we show that plasma CTGF is independently related to RKF, previous CVD, IL-6 and B2M in maintenance HD patients, which are all important predictors of mortality in this population \[[@B20-toxins-11-00268],[@B21-toxins-11-00268],[@B22-toxins-11-00268],[@B23-toxins-11-00268]\]. In addition, CTGF levels depend on the underlying renal disease and are higher in PKD, TIN, and renal vascular disease. Second, all-cause mortality risk is increased in HD patients with high baseline plasma CTGF, whereas no relation was found between CTGF and risk of cardiovascular events, cardiovascular mortality, and infectious mortality. Third, treatment with HDF reduced plasma CTGF concentration over time, while CTGF concentration increased in patients treated with conventional low-flux HD.

3.1. Determinants of Plasma CTGF Concentrations {#sec3dot1-toxins-11-00268}
-----------------------------------------------

CTGF levels in our patient group were approximately 10- to 20-fold higher than in healthy subjects \[[@B19-toxins-11-00268],[@B24-toxins-11-00268],[@B25-toxins-11-00268]\] and were inversely related to eGFR, even at very low levels (2.6 (1.2--5.1) mL/min/1.73 m^2^). This is compatible with the notion that N-CTGF, which is the predominant form of CTGF detected in plasma, is almost exclusively removed by the kidneys \[[@B6-toxins-11-00268],[@B7-toxins-11-00268]\]. We found a positive relation between CTGF and dialysis vintage. This is in line with previous observations that retained middle molecules accumulate gradually over time in chronic dialysis patients \[[@B20-toxins-11-00268]\].

CTGF was positively related to previous CVD, in particular to previous PVD. As CTGF expression is strongly upregulated in atherosclerotic plaques \[[@B14-toxins-11-00268]\] and symptomatic PVD is an indication of widespread atherosclerotic disease throughout the body, elevated CTGF concentrations might reflect increased production by atherosclerotic lesions. Whether high plasma CTGF concentrations in HD patients are merely a reflection of the overall burden of CVD, or play a causative role in atherogenesis remains to be determined. In support of the latter, it was shown that a CTGF promoter polymorphism that causes increased CTGF expression was associated with increased risk of cardiovascular morbidity and mortality in HD patients \[[@B26-toxins-11-00268]\]. In addition, carotid atherosclerotic lesions in mice treated for three weeks with CTGF-neutralizing antibodies, showed reduced macrophage deposition, CTGF expression, and plaque volume \[[@B27-toxins-11-00268]\].

We found an independent positive relationship between CTGF and both IL6 and B2M, which are both markers of inflammation and predictors of mortality in dialysis patients \[[@B20-toxins-11-00268],[@B23-toxins-11-00268]\]. The underlying mechanisms are unclear, but a study in mice showed that intravenous injection of recombinant human CTGF peptide induced renal inflammatory responses, with locally increased IL-6 levels \[[@B28-toxins-11-00268]\]. Hence, CTGF might be upregulated by inflammatory processes or vice versa. The relationship between CTGF and B2M is less clear, but might also be related to inflammation, since B2M has been shown to decrease when inflammation is reduced after introduction of ultrapure dialysis fluids in HD patients \[[@B29-toxins-11-00268],[@B30-toxins-11-00268]\].

Interestingly, CTGF was higher in patients with PKD than in other underlying renal diseases. Data on a possible relationship between CTGF and PKD are scarce. CTGF is increased in mice models of PKD \[[@B31-toxins-11-00268],[@B32-toxins-11-00268]\], downstream of the nuclear expression of the Yes-associated protein (YAP), which is upregulated in cystic epithelia in mice and humans with advanced PKD and presumed to be involved in cyst growth \[[@B32-toxins-11-00268]\]. Mutations causing nephronopthisis, a recessive cystic kidney disease in children, have been shown to increase CTGF levels \[[@B33-toxins-11-00268]\]. CTGF might also be increased downstream of transforming growth factor β signalling, which is increased during cyst expansion and fibrosis in more advanced stages of PKD in *Pkd1-*mutant mouse models and in humans with autosomal dominant PKD (ADPKD) \[[@B34-toxins-11-00268]\]. Tubulointerstitial fibrosis has been identified as an important manifestation in ADPKD, associated with an increased rate of progression to ESKD \[[@B35-toxins-11-00268]\]. The detection of CTGF expression in cells adjacent to cystic epithelium and in fibrotic renal tissue in an ADPKD-rat model, suggests a role in the local response to cyst development and tubulointerstitial fibrosis \[[@B36-toxins-11-00268]\]. Future research should clarify whether CTGF is involved in this. In patients with TIN, plasma CTGF concentrations were also high, which is consistent with the previously observed strong correlation between the extent of tubulointerstitial damage and the number of CTGF mRNA positive cells per surface area in 65 human renal biopsy specimens of various renal diseases \[[@B37-toxins-11-00268]\].

While CTGF has been implicated in the pathogenesis of diabetic complications, we did not observe a difference in CTGF concentrations between patients with or without DM. This suggests that a direct effect of DM on plasma CTGF levels in HD patients may be overruled by other factors such as the presence of advanced vascular and kidney disease.

A limitation of the study is that the diagnoses of the underlying renal diseases were made by a number of different attending nephrologists, and were often not biopsy proven. However, possible diagnostic variability is compensated at least in part by the size of our study population. The diagnoses of PKD and diabetic kidney disease were relatively clear-cut. The strength of our study is the large, well described group of HD patients that was studied.

In conclusion, in chronic HD patients, CTGF concentrations depend on RKF and underlying renal disease and relate positively to previous CVD and inflammation. The role of CTGF in the pathogenesis of certain renal diseases, in particular PKD, deserves further exploration in clinical and preclinical studies.

3.2. CTGF and All-cause Mortality {#sec3dot2-toxins-11-00268}
---------------------------------

Previously, the association between CTGF and all-cause mortality was studied in 386 patients with type 1 DM and was shown to be related to all-cause mortality in 198 patients with DM. One standard deviation increase in CTGF (from 0.38 to 0.72 nmol/L) was associated with a 40% increase in mortality risk \[[@B19-toxins-11-00268]\]. In the present study, we also observed an association between baseline plasma CTGF and all-cause mortality, although the magnitude of the relationship was much smaller (9% increase in mortality risk per 1 nmol/L increase in plasma CTGF). Mortality risk was substantially increased by 71% in the highest CTGF quartile (CTGF \> 4.3 nmol/L), as compared to the lowest (CTGF \< 2.7 nmol/L).

A relationship between CTGF and cardiovascular outcomes during follow-up was not observed. This is in contrast with the finding that there is a positive association between CTGF concentrations and previous CVD and previous evidence of a pathogenic role of CTGF in cardiovascular fibrosis \[[@B3-toxins-11-00268],[@B9-toxins-11-00268],[@B13-toxins-11-00268]\] Possibly, the harmful effect of CTGF is overruled by other factors such as derangement of calcium-phosphate metabolism and presence of advanced cardiovascular fibrosis at the start of the study. We neither found a relationship with infectious mortality. However, CVD or infection as a cause of mortality occurred in only 32% and 25% of all-cause mortality, respectively. The absence of a clear association with cardiovascular outcome or infection suggests that CTGF may not reflect one specific disease process. This might be explained by considering fibrosis as a common final pathway of chronic disease processes of diverse etiology, including inflammation, ischemia and metabolic derangement, and CTGF as a key determinant of activity of fibrotic processes, reflecting the overall fibrosis burden.

3.3. CTGF Change over Time, HDF versus HD {#sec3dot3-toxins-11-00268}
-----------------------------------------

Plasma CTGF increased in patients on HD and was lowered by HDF over time, which is in agreement with our previous report showing that CTGF is not removed by low flux HD and is reduced by a single HDF session \[[@B6-toxins-11-00268]\]. While CTGF was lowered by 68% during a single session, one year of treatment resulted in a decrease in pre-dialysis concentration of approximately 15%. Presumably, this difference is explained by post-dialysis redistribution from extravascular compartments, which has been described for other middle molecules such as B2M \[[@B38-toxins-11-00268]\], and by interdialytic accumulation of de novo produced CTGF due to absent or minimal clearance.

Clearance of middle molecules is enhanced by convection \[[@B39-toxins-11-00268]\]. While CTGF decreased in patients treated with HDF and increased in patients with HD, we did not observe a relationship between decline in CTGF and the amount of convection volume that was delivered in patients on HDF. This might indicate that CTGF diffusion from extra-vascular compartments to the blood is rate limiting, as was described for B2M \[[@B40-toxins-11-00268]\]. Other possible explanations are that the reduction of pre-dialysis CTGF by convection is overruled by much more substantial post-dialysis redistribution of CTGF or that the maximum decrease in CTGF is reached with ≤17 L of convection volume.

A limitation is that blood samples were not collected at time points between baseline and six months and after 12 months. Therefore, it was not possible to determine at what time point the lower CTGF concentrations in HDF patients were reached, although the analysis suggested that the greatest decline in CTGF occurred during the first six months of therapy ([Figure 1](#toxins-11-00268-f001){ref-type="fig"}, [Table 6](#toxins-11-00268-t006){ref-type="table"}), as is the case for B2M \[[@B39-toxins-11-00268]\]. Furthermore, we did not study CTGF at time points beyond one year, but the resemblance with B2M suggests a sustained effect. The second limitation is that dialysate collection was not performed. Therefore, we were not able to determine whether the reduction of plasma CTGF in HDF patients was caused by decreased production, increased clearance, or adhesion to the dialyzer. However, the effect of a single HDF session suggests either increased clearance or adhesion. The strengths of our study are the large group of dialysis patients, the large number of events and the randomized study design.

It is unknown whether circulating CTGF, and in particular its N-terminal fragment (CTGF-N), the predominant form of CTGF in plasma, exerts systemic toxicity. An in vitro study reported that the N-terminal fragment is biologically active by mediating myofibroblast differentiation and collagen synthesis \[[@B41-toxins-11-00268]\], but in vivo evidence of profibrotic activity is lacking. Future studies should establish whether plasma CTGF-N has adverse biological effects or merely is an inactive proteolytic product shed from the extracellular matrix into the circulation.

In conclusion, in HD patients, high plasma CTGF is related to an increased risk of all-cause mortality, but not to risk of cardiovascular morbidity and mortality. Treatment with HDF reduces plasma CTGF, while in patients treated with conventional low-flux HD CTGF concentration increases over time. It remains to be determined whether lowering circulating CTGF is beneficial in ESKD patients.

4. Methods {#sec4-toxins-11-00268}
==========

4.1. General Methods {#sec4dot1-toxins-11-00268}
--------------------

In the present study, data from 404 HD patients from 17 dialysis centres in The Netherlands and one centre in Norway in which storage of additional blood samples for non-routine laboratory assessments was logistically feasible, who were enrolled in the CONvective TRAnsport STudy (CONTRAST) between June 2004 and January 2010, were used. CONTRAST is a randomized controlled trial (ISRCTN38365125) that compares the effects of low-flux HD and online HDF on all-cause mortality and cardiovascular morbidity and mortality, as described \[[@B42-toxins-11-00268]\]. The study was approved by the Medical Research Ethics Committee, VU Medical Center, Amsterdam, the Netherlands, on 3 December 2003 (ClinicalTrials gov identifier: NCT00205556). Patients were eligible for inclusion if they were treated with low-flux HD two or three times per week for at least two months, with a minimum dialysis single pool Kt/V urea (spKt/V~urea~) of 1.2. Exclusion criteria were aged below 18 years, treatment with HDF or high-flux HD in the six months preceding randomization, severe non-adherence to the dialysis prescription in terms of frequency and/or duration of dialysis treatment, a life expectancy less than three months due to causes other than kidney disease, and participation in another clinical intervention study evaluating cardiovascular outcome. Randomization was performed centrally by a computer-based randomization service (Julius Center University Medical Center, Utrecht, the Netherlands) into a 1:1 ratio and stratified per participating centre. The study was conducted in accordance with the Declaration of Helsinki and approved by the medical ethics review boards of all participating centres. Written informed consent was obtained from all patients prior to randomization. With this study, three different research questions were addressed: 1) What are the determinants of plasma CTGF in HD patients? 2) Is CTGF related to all-cause mortality and cardiovascular morbidity and mortality in HD patients? 3) Can pre-dialysis CTGF concentrations be lowered over time by HDF as compared to low-flux HD?

4.2. Dialysis Procedures {#sec4dot2-toxins-11-00268}
------------------------

Treatment times were fixed during follow-up in both treatment arms, unless spKt/V~urea~ was below 1.2. Online HDF was performed in the post-dilution mode with a target convection volume of 6 L/h. Blood flow rates could be increased in the HDF arm to improve convection volumes. For HDF, synthetic high-flux dialyzers were used (FX80: 35% and FX100: 9% \[Fresenius Medical Care, Bad Homburg, Germany\], Polyflux 170H: 34% and Polyflux 210H: 21% \[Gambro Corporation AB, Lund, Sweden\], or other dialyzers: 1%, at 3 months). HD patients were treated with synthetic low-flux dialyzers (F8HPS: 56% and F10HPS: 2% \[Fresenius\], Polyflux 14 L: 2%, Polyflux 17 L: 30% and Polyflux 21 L: 3% \[Gambro\], or other: 6%, at three months). All patients were treated with ultrapure dialysis fluids, defined as less than 0.1 colony forming units per mL and less than 0.03 endotoxin units per mL \[[@B43-toxins-11-00268]\]. When hemodiafiltration could temporarily not be performed e.g. due to technical problems with the water installation, or holiday bookings, patients concerned were treated with high-flux membranes. Routine patient care was performed according to national and international quality of care guidelines.

4.3. Data Collection {#sec4dot3-toxins-11-00268}
--------------------

At baseline, standardized forms were used to collect demographical, clinical and laboratory data, which included age, sex, body mass index (BMI, kg/m^2^), pre-dialysis systolic and diastolic blood pressure (mmHg), medical history (including the cause of kidney failure, presence of diabetes mellitus (DM) and previous CVD), medication, estimated glomerular filtration rate (eGFR, mL/min/1.73m^2^) and residual kidney function (RKF, yes/no). Furthermore, dialysis related data were collected as described previously, including duration of dialysis (dialysis vintage), vascular access type, number of treatments per week, blood flow rate, and dialysis adequacy expressed as spKt/V calculated with the second-generation Daugirdas formula \[[@B44-toxins-11-00268]\].

Previous CVD was defined as a history of angina pectoris, myocardial infarction, prior coronary revascularization (percutaneous transluminal coronary angioplasty and coronary artery bypass surgery), stroke, transient ischemic attack and/or peripheral vascular disease (PVD) (intermittent claudication, amputation, percutaneous transluminal angioplasty and peripheral bypass surgery). Dialysis vintage was determined as the sum of time spent on HD or peritoneal dialysis before inclusion in CONTRAST.

At each three-monthly visit, data on clinical events, dialysis treatment, medication, and laboratory values were recorded, which included data on blood flow rate, treatment time, infusion volume, intradialytic weight loss, and pre-dialysis blood pressure. In HDF patients, infusion volumes (liters per treatment) were reported as the mean value of three consecutive treatment sessions preceding the quarterly visit. Convection volumes (liters per treatment) were calculated as the sum of the intradialytic weight loss and the substitution volume per session. For calculation of the delivered convection volume the number of hemodiafiltration treatments in the past three months was assessed. The mean delivered convection volume during the first year of the trial was estimated with the following formula: Mean delivered convection volume = (hemodiafiltration treatments/ total number of treatments) × mean convection volume of the three treatments preceding the quarterly visit.

At each visit, blood samples were drawn prior to dialysis, and if appropriate, after the session. Blood samples for non-routine measurements were taken at baseline, six, and twelve months before the dialysis session, placed immediately on ice, and centrifuged within 30 min, at 1500 g for 10 min and stored at --80°C until assayed.

In patients with a urinary production of more than 100 mL per day, interdialytic 24-h urinary samples were collected. Estimated glomerular filtration rate (eGFR) was calculated as the mean of creatinine and urea clearance and adjusted for body surface area (mL/min/1.73m^2^) \[[@B45-toxins-11-00268]\]. The plasma concentrations used for this calculation were the mean of the values before and after dialysis. Patients with a urinary production below 100 mL per day were considered anuric and eGFR was reported as zero and RKF as 'no'. The second generation Daugirdas formula was used to calculate spKt/V~urea~ \[[@B44-toxins-11-00268]\].

4.4. Laboratory Measurements {#sec4dot4-toxins-11-00268}
----------------------------

CTGF plasma concentrations were determined by sandwich ELISA, using two specific antibodies (FibroGen Inc, San Francisco, CA, USA) directed against two distinct epitopes in the amino-terminal fragment of CTGF, detecting both full length CTGF and the N-fragment, as described \[[@B7-toxins-11-00268]\]. Microtiter plates (Maxisorb; Nunc, Roskilde, Denmark) were coated with capture anti-CTGF monoclonal antibody (5 μg/mL; FibroGen). Subsequently, ten-fold diluted plasma samples and standards (recombinant human CTGF; FibroGen, San Francisco, CA) were added and incubated with detection antibody conjugated directly to alkaline phosphatase (0.5 μg/mL; FibroGen). Para-nitrophenylphosphate (Sigma, St. Louis, MO, USA) was used as a substrate for the colorimetric reaction. Intra- and inter-assay coefficients of variation were within 10%. To improve inter-assay precision, control/ reference plasma samples were used on each plate to calculate a correction factor. Matrix correction was applied. Assay sensitivity (lower limit of detection) was 20 pmol/L.

High sensitivity C reactive protein (CRP) was measured centrally with a particle-enhanced immunoturbidimetric assay on a Roche-Hitachi analyzer (Roche Diagnostics GmbH, Mannheim, Germany), with a lower quantification limit of 0.1 mg/L. The intra-assay variation was between 1.9% at a concentration of 0--1.0 mg/L and 0.3% at a concentration of 2.0--4.0 mg/L, the inter-assay variation was 1.9% at a concentration of 0.67 mg/L and 1.2% at a concentration of 3.64 mg/L.

Interleukin-6 (IL-6) (pg/mL) was measured centrally with an immunometric assay (colorimetric) (Sanquin, Amsterdam, The Netherlands), with a lower quantification limit of 0.35 pg/mL. The intra-assay variation was 12% at a concentration of 1 pg/mL and 8% at a concentration of 3 pg/mL, the inter-assay variation was 19% at a concentration of 0.35 pg/mL (which is the lower limit of quantification) and 12% at a concentration of 2.3 pg/mL. Routine laboratory tests were performed in the different participating centres using standard techniques.

4.5. Data Analysis {#sec4dot5-toxins-11-00268}
------------------

### 4.5.1. Determinants of Plasma CTGF {#sec4dot5dot1-toxins-11-00268}

To identify determinants of plasma CTGF at baseline, a backward multivariable regression model was applied, which included several demographic, clinical, and laboratory factors. Due to the skewed distribution, the natural logarithm of CTGF, CRP and IL-6 was used. CTGF was used as the dependent variable in the regression models. A *p*-value of 0.10 was used to exclude variables from the model. Variables were chosen, because they are established cardiovascular risk factors, or because we expected a relationship with CTGF based on pathophysiological considerations. The initial backward model started off with age, sex, history of CVD, smoking, pulse pressure, presence of DM, underlying renal disease, BMI, eGFR, ultrafiltration (UF) requirement, dialysis vintage, albumin, CRP, IL-6, beta-2-microglobulin (B2M), and use of renin angiotensin aldosterone system (RAAS) blockers, beta blockers, calcium antagonists and statins. Since 'history of CVD' was a composite variable, we additionally explored whether CTGF was related to its individual components, i.e. coronary heart disease (CHD), cerebrovascular accidents (CVA), PVD. Unstandardized residuals of the model were checked on normality. All analyses were performed with SPSS (version 18; SPSS Inc. Headquarters, Chicago, IL, USA).

### 4.5.2. CTGF and All-cause Mortality, Cardiovascular Events, Cardiovascular Mortality and Infectious Mortality {#sec4dot5dot2-toxins-11-00268}

The primary study outcome was all-cause mortality. Follow-up of patients with respect to mortality was complete. Participants in the trial continued to be followed even after they received a kidney transplant, switched to peritoneal dialysis, moved to another non-CONTRAST centre or discontinued participation for other reasons.

The secondary endpoint was a composite of fatal and non-fatal cardiovascular events. Cardiovascular events were defined as death from cardiovascular causes, non-fatal myocardial infarction or stroke, therapeutic coronary procedure (coronary artery bypass graft, percutaneous transluminal coronary angioplasty and/or stenting), therapeutic carotid procedure (endarterectomy and/or stenting), vascular intervention (revascularisation, percutaneous transluminal angioplasty and/or stenting), or amputation.

Another secondary endpoint was cause specific death, i.e. cardiovascular and infectious death. An independent Endpoint Adjudication Committee, whose members were not aware of the treatment assignments, reviewed source documentation for all primary outcome events (deaths), as well as non-fatal cardiovascular events.

Cox proportional hazards regression models were used to study the relation between CTGF at baseline and mortality. Thereafter, adjustment was performed for potential confounding variables, i.e. those factors that after addition to the model changed the magnitude of the relationship between CTGF and mortality by more than 5%. Potential confounders thus identified were presence of CVD, presence of polycystic kidney disease (PKD) as underlying renal disease, eGFR, use of renin angiotensin aldosterone system blockers (RAAS blockers), age, sex, presence of DM, CRP, and albumin. Since CRP and albumin might be intermediates in the relation between CTGF and mortality, a model without adjustment for these variables was also performed. In addition, an 'on-treatment' analysis was performed, where patients were censored 28 days after they left the study. To explore a dose response relationship between CTGF and mortality, CTGF concentrations of the complete cohort were divided into quartiles, with the lowest quartile serving as the reference group. Finally, using similar models as for all-cause mortality, the relation between CTGF concentrations and different outcomes was explored, i.e., fatal or non-fatal cardiovascular events, and death from CVD and death from infection.

### 4.5.3. CTGF Change over Time, HDF versus HD {#sec4dot5dot3-toxins-11-00268}

The main outcome was the difference in rate of change in CTGF concentration (percentage per 6 months) between HDF and HD patients during one year of treatment.

A linear mixed effects model with a random intercept and random slope was applied to compare the rate of change in CTGF over time between both treatment arms. The natural logarithm of CTGF (Ln-CTGF) was used for the analyses to improve the fit of the model. It was explored whether the effect of HDF on Ln-CTGF changed over time using a linear mixed effect model. Since a statistically significant interaction was found between HDF treatment and time, data on the rate of change over time are presented in two time periods: Baseline to six months and six to twelve months. To explore the influence of changing eGFR over time on the change in CTGF, an additional linear mixed model analysis with adjustments for eGFR was performed.

Finally, it was explored whether the change in CTGF between baseline and the six-month visit depended on delivered convection volume in HDF patients. For this purpose, the actual (on-treatment) delivered convection volume was divided into tertiles, which were introduced in a multivariable regression model as dummy variables. Patients who were treated by low-flux HD served as reference group (no convection volume). Adjustment for potential confounding factors, i.e. variables that were related to change in CTGF between baseline and the six-month visit, was performed. Unstandardized residuals of the regression model were checked on normality.

The linear mixed effects model was performed with R (version 2.9.2; 2009 The R Foundation for Statistical Computing). The other analyses were performed with SPSS software (version 18.0; SPSS Inc. Headquarters, Chicago, IL, USA).
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###### 

Characteristics of participants at baseline.

  ---------------------------------------------------------------------------------------------------------
  Characteristic                                              On-Line HDF\           Low Flux HD\
                                                              (*n* = 199)            (*n* = 205)
  ----------------------------------------------------------- ---------------------- ----------------------
  Age (years)                                                 64 ± 14.3              63 ± 13.6

  Male sex---n (%)                                            121 (61)               130 (63)

  Region                                                                             

  Netherlands---n (%)                                         193 (96)               197 (96)

  Norway---n (%)                                              7 (4)                  8 (4)

  History of cardiovascular disease---n (%)                   90 (45)                87 (42)

  Diabetes mellitus---n (%)                                   46 (23)                39 (19)

  Dialysis vintage (years)                                    1.7 (0.9 to 3.1)       2.0 (0.9 to 3.7)

  Underlying renal disease---n (%)                                                   

  Glomerulonephritis                                          10 (5%)                11 (6%)

  Tubulointerstitial nephritis                                17 (9%)                14 (7%)

  Polycystic kidney disease                                   10 (5%)                10 (5%)

  Other congenital/hereditary diseases                        2 (1%)                 0

  Renal vascular disease                                      37(19%)                47 (24%)

  Diabetic nephropathy                                        22 (11%)               22 (11%)

  Multisystem disease                                         8 (4%)                 7 (4%)

  Other                                                       19 (10%)               22 (11%)

  Unknown                                                     74 (37%)               72 (36%)

  Systolic blood pressure (mmHg) \^                           147 ± 22               149 ± 21

  Diastolic blood pressure (mmHg) \^                          75 ± 12                76 ± 12

  Pulse pressure, pre-dialysis (mmHg)                         69 ± 18                68 ± 16

  Body mass index, after dialysis (kg/m^2^)                   24.7 ± 4.9             25.3 ± 4.7

  Vascular access-- n (%)                                                            

  Arteriovenous fistula                                       162 (81)               176 (86)

  Graft                                                       31 (16)                22 (11)

  Central catheter                                            5 (3)                  5 (2)

  Duration of a dialysis session (hours)                      4.0 (3.5 to 4.0)       4.0 (3.5 to 4.0)

  Number of treatments/week                                   2.90 ± 0.30            2.95 ± 0.23

  Blood flow (mL/min)                                         300 (300 to 325)       300 (299 to 326)

  Dialysis single pool Kt/V~urea~                             1.35 (1.23 to 1.52)    1.33 (1.23 to 1.47)

  Residual kidney function---n (%) \*                         119 (60)               111 (54)

  Estimated glomerular filtration rate (mL/min/1.73m^2^) \^   2.8 (1.3 to 5.1)       2.5 (1.1 to 5.1)

  Hemoglobin (mmol/L) \^                                      7.4 ± 0.8              7.3±0.7

  Phosphorus (mmol/L) \^                                      1.68 ± 0.56            1.65 ± 0.47

  Beta-2-microglobulin (mg/L) \^                              28.5 ± 11.5            31.7 ± 11.9

  Albumin (g/L) \^                                            35.8 ± 4.8             36.0 ± 4.8

  Creatinine (μmol/L) \^                                      837 ± 243              896 ± 255

  Connective Tissue Growth Factor (nmol/L) \^                 3.5 (2.7 to 4.3)       3.5 (2.8 to 4.4)

  Ln-CTGF (nmol/L) \^                                         1.24 ± 0.39            1.26 ± 0.39

  Hs-CRP (mg/L) \^                                            4.06 (1.43 to 10.43)   3.88 (1.31 to 10.28)

  IL-6 (pg/mL) \^                                             2.11 (1.26 to 4.08)    1.98 (1.18 to 3.42)

  Prescribed medication---n (%)                                                      

  RAAS blocker                                                108 (54)               107 (52)

  Beta blocker                                                101 (51)               126 (61)

  Calcium antagonist                                          63 (32)                72 (35)

  Statin                                                      104 (52)               97 (47)
  ---------------------------------------------------------------------------------------------------------

Data are presented as mean ± SD, medians (interquartile range) or absolute number (percentage). HDF, online hemodiafiltration; HD, low-flux hemodialysis; AV-fistula, arteriovenous fistula; hsCRP, high sensitivity C- reactive protein; IL-6, Interleukin 6; Ln-CTGF, natural logarithm of CTGF. To convert hemoglobin in mmol/L to g/dL divide by 0.62; albumin in g/L to g/dL, divide by 10; creatinine in μmol/L to mg/dL divide by 88.4 \^ Pre-dialysis \* Residual kidney function if diuresis \> 100 mL/24 h.
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###### 

Multivariable analysis of determinants of plasma Ln-CTGF in HD patients.

  Determinants                   β           *p*       Change in CTGF (%) (95% CI) \*
  ------------------------------ ----------- --------- --------------------------------
  Previous CVD                   0.099       0.006     10.4 (2.8 to 18.5)
  Dialysis vintage               0.031       \<0.001   3.1 (1.7 to 4.5)
  Pulse pressure                 0.002       0.059     0.2 (0 to 0.4)
  Ln-IL-6                        0.075       \<0.001   7.8 (4.1 to 11.7)
  β2-microglobulin               0.003       0.045     0.3 (0 to 0.7)
  eGFR                           --0.033     \<0.001   −3.3 (−4.4 to −2.1)
  RAAS-blocker use               --0.068     0.052     −6.6 (−12.8 to 0.1)
  UF                             0.034       0.091     3.5 (−0.6 to 7.7)
  Underlying renal disease                             
  Glomerulonephritis             0.050       0.484     5.1 (−8.7 to 20.8)
  Tubulointerstitial nephritis   0.222       0.002     24.9 (8.5 to 43.6)
  Polycystic kidney disease      0.403       \<0.001   49.6 (28.1 to 74.5)
  Renal vascular disease         0.115       0.041     12.2 (5.0 to 25.4)
  Diabetic nephropathy           0.103       0.120     10.8 (−23.7 to 26.1)
  Multisystem disease            0.078       0.387     8.1 (−9.4 to 29.2)
  Other                          0.030       0.682     3.0 (−10.8 to 18.9)
  Unknown                        reference             

CTGF, connective tissue growth factor; HD, low-flux hemodialysis; CVD, cardiovascular disease; Ln, natural logarithm; Ln-IL-6, natural logarithm of interleukin 6; eGFR, estimated glomerular filtration rate; RAAS-blocker, renin angiotensin aldosterone system blocker; UF, ultrafiltration as calculated by the mean difference between pre- and post-dialysis weight on 3 different occasions; CI, confidence. *R*^2^ = 0.37. \* Relative increase in CTGF if β is calculated back from the natural logarithm. If the determinant increases by 1 unit or changes from 0 to 1 for a dichotomous variable, Ln-CTGF will increase with β and CTGF will be multiplied by e^β^.
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###### 

Hazard ratios for mortality and cardiovascular events for each increase of plasma CTGF with 1 nmol/L.

  -----------------------------------------------------------------------------------------------------
  Outcome                                     Model   *N*    \#Events   Hazard Ratio (95% CI)   *P*
  ------------------------------------------- ------- ------ ---------- ----------------------- -------
  All-cause mortality                         I\      404\   158\       1.10 (1.01--1.19)\      0.02\
                                              II\     384\   151\       1.09 (1.00--1.19)\      0.05\
                                              III     382    149        1.09 (0.99--1.19)       0.07

  Fatal and non-fatal cardiovascular events   I\      404\   131\       1.06 (0.96--1.16)\      0.24\
                                              IV      362    121        1.03 (0.94--1.14)       0.51

  Cardiovascular mortality                    I\      404\   50\        0.99 (0.84--1.18)\      0.93\
                                              V       394    46         1.01 (0.85--1.19)       0.96

  Infectious mortality                        I\      404\   40\        1.14 (0.99--1.31)\      0.08\
                                              VI      391    39         1.06 (0.92--1.23)       0.42
  -----------------------------------------------------------------------------------------------------

Model I: univariate. Model II: adjustment for age, sex, presence of cardiovascular disease (CVD), presence of diabetes mellitus, estimated glomerular filtration rate (eGFR), polycystic kidney disease (PKD), use of RAAS-blockers. Model III: model II with additional adjustment for CRP and albumin. Model IV: model III with additional adjustment for dialysis vintage and serum β2-microglobulin. Model V: adjustment for age CVD, eGFR, PKD, albumin. Model VI: adjustment for age, CVD, DM, serum albumin. *N* = number of patients at risk at baseline. **\#** Fatal and non-fatal cardiovascular events are defined as death from cardiovascular causes, non-fatal myocardial infarction or stroke, therapeutic coronary procedure (coronary artery bypass graft, percutaneous transluminal coronary angioplasty and/or stenting), therapeutic carotid procedure (endarterectomy and/or stenting), vascular intervention (revascularisation, percutaneous transluminal angioplasty and/or stenting), or amputation. Infectious mortality is defined as death from infectious causes.
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###### 

Hazard ratios of plasma CTGF quartiles for mortality and cardiovascular events.

  ------------------------------------------------------------------------------------------------------------------------------------------
  Outcome                                     Model   Hazard Ratio (95% CI)                                             
  ------------------------------------------- ------- ----------------------- -------------------- -------------------- --------------------
  All-cause mortality                         I\      1.00 (reference)\       1.17 (0.73--1.87)\   1.23 (0.78--1.96)\   1.60 (1.03--2.50)\
                                              II      1.00 (reference)        1.15 (0.69--1.91)    1.09 (0.63--1.88)    1.71 (1.02--2.88)

  Fatal and non-fatal cardiovascular events   I\      1.00 (reference)\       1.35 (0.80--2.26)\   1.85 (1.12--3.04)\   1.41 (0.83--2.38)\
                                              III     1.00 (reference)        1.42 (0.81--2.50)    1.91 (1.08--3.38)    1.63 (0.86--3.08)
  ------------------------------------------------------------------------------------------------------------------------------------------

Model I: univariate. Model II: adjustment for age, sex, presence of cardiovascular disease, presence of diabetes mellitus, estimated glomerular filtration rate, polycystic kidney disease, use of RAAS-blockers, CRP and albumin. Model III: model II with additional adjustment for dialysis vintage and serum β2-microglobulin. Plasma CTGF concentrations: quartile 1: \<2.7 nmol/L, quartile 2: 2.7--3.5 nmol/L, quartile 3: 3.5--4.3 nmol/L, quartile 4: \>4.3 nmol/L.
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###### 

Plasma CTGF over time in patients treated with hemodialysis and hemodiafiltration.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Ln-CTGF                            Model   Change in Plasma CTGF Concentration (Δ) per 6 Months                                                                               
  ---------------------------------- ------- ------------------------------------------------------ -------- ---------------------------- -------- ---------------------------- ----------
  **0--6 Months**                                                                                                                                                               

  Ln-CTGF (nmol/L) (mean (95% CI))   I\      0.047 (0.013 to 0.081)\                                0.007\   −0.050 (−0.086 to −0.015)\   0.006\   −0.097 (−0.147 to −0.048)\   \<0.001\
                                     II      0.031 (−0.0055 to 0.062)                               0.10     −0.058 (−0.096 to −0.019)    0.003    −0.088 (−0.133 to −0.036)    0.001

  CTGF (%) \*                        I\      +4.9\                                                           −4.8\                                 −8.9\                        
                                     II      +3.1                                                            −5.4                                  −8.1                         

  **6--12 Months**                                                                                                                                                              

  Ln-CTGF (nmol/L) (mean (95% CI))   I\      0.039 (−0.002 to 0.080)\                               0.06\    −0.028 (−0.070 to 0.014)\    0.19\    −0.067 (−0.123 to -0.009)\   0.02\
                                     II      0.042 (−0.001 to 0.085)                                0.06     −0.034 (−0.077 to 0.011)     0.13     −0.075 (−0.136 to -0.014)    0.02

  CTGF (%) \*                        I\      +4.1\                                                           −2.7\                                 −6.3\                        
                                     II      +4.3                                                            −3.2                                  −7.0                         
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Model I: univariate. Model II: adjustment for eGFR over time. HD, low-flux hemodialysis; HDF, online hemodiafiltration; Ln-CTGF, natural logarithm of CTGF. \* Calculated by e^ΔLn-CTGF.^
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###### 

Effect of HDF versus HD on the change in plasma CTGF between baseline and six months in strata of convection volume.

                         Mean Δ Ln-CTGF \* (nmol/L/6 Months) (95% CI)   *p*
  ---------------------- ---------------------------------------------- -------
  Convection Tertile 1   −0.038 (−0.070 to −0.003)                      0.03
  CTGF (%) \*\*          −3.6                                           \-
  Convection Tertile 2   −0.044 (−0.075 to -0.011)                      0.009
  CTGF (%) \*\*          −4.2                                           \-
  Convection Tertile 3   −0.046 (−0.075 to −0.015)                      0.004
  CTGF (%) \*\*          −4.4                                           \-

Adjustment for age, CVD, dialysis vintage, dialysis frequency, eGFR, use of RAAS blockers, CTGF at baseline. HDF, online hemodiafiltration; HD, low-flux hemodialysis; Ln-CTGF, natural logarithm of CTGF. Tertile 1: ≤17.2 L per session, Tertile 2: 17.2--20.1 L per session, Tertile 3: ≥20.1 L per session \* Mean Δ Ln-CTGF = mean Δ Ln-CTGF~HDF~ -- mean Δ Ln-CTGF~HD~ \*\* Calculated by e^ΔLn-CTGF.^

[^1]: Both authors contributed equally.
